Fifty mesophilic and five moderately thermophilic strains of acidophilic heterotrophic bacteria were tested for the ability to reduce ferric iron in liquid and solid media under aerobic conditions; about 40% of the mesophiles (but none of the moderate thermophiles) displayed at least some capacity to reduce iron. Both rates and extents of ferric iron reduction were highly strain dependent. No acidophilic heterotroph reduced nitrate or sulfate, and (limited) reduction of manganese(IV) was noted in only one strain (Acidiphilium facilis), an acidophile which did not reduce iron. Insoluble forms of ferric iron, both amorphous and crystalline, were reduced, as well as soluble iron. There was evidence that, in at least some acidophilic heterotrophs, iron reduction was enzymically mediated and that ferric iron could act as a terminal electron acceptor. In anaerobically incubated cultures, bacterial biomass increased with increasing concentrations of ferric but not ferrous iron. Mixed cultures of Thiobacillus ferrooxidans or LeptospiriUum ferrooxidans and an acidophilic heterotroph (SJH) produced sequences of iron cycling in ferrous iron-glucose media.
The ability to reduce ferric iron (Fe3") to ferrous iron (Fe2") is widespread among bacteria, such as members of the genera Pseudomonas, Bacillus, Bacteroides, and Desulfovibrio (9, 13) . Some fungi also have this capacity (14) . Although reduction is favored by anaerobic conditions, it may also occur in the presence of oxygen, although spontaneous chemical reoxidation may occur rapidly in nonacidic, aerobic environments (13) . There have been a number of proposals regarding the mechanism of bacterial ferric iron reduction (8) . For example, when the physicochemical nature of the environment (pH, redox potential) is changed, bacteria may induce spontaneous chemical reduction (e.g., by Vibrio spp.). Alternatively, bacteria may use ferric iron as a hydrogen sink by using a mechanism that is not clearly defined (the ferrireductase system), in which the enzyme functions either via an electron transport chain or substratelevel phosphorylation. A third possibility is that bacteria reduce ferric iron by way of an electron transport system, which may or may not involve nitrate reductase. While many ferric iron reducers are facultative anaerobes which also possess nitrate reductases, correlation between the two is not absolute (9) .
Ferric iron reduction has been most commonly observed in neutrophilic, heterotrophic bacteria, but it has also been noted in some acidophilic chemolithotrophs, including mesophilic thiobacilli and the extreme thermophile Sulfolobus acidocaldarius (2) . Thiobacillus thiooxidans can reduce ferric iron when growing aerobically on elemental sulfur, and T. ferrooxidans can do so either anaerobically on sulfur at pHs below ca. 1.8 or aerobically on sulfur at extremely low (<1.3) pH (15) . T. ferrooxidans can also reduce tetravalent manganese and copper(II) when oxidizing elemental sulfur (16, 17) .
Highly acidic environments (pH 3.0 or less) are also known to contain obligately acidophilic heterotrophic bacteria (3, 4, 18) . Relatively few of these bacteria have been fully characterized, and those which have appear to belong mainly to the genus Acidiphilium, such as Acidiphilium cryptum (3); A. angustum, A. facilis, and A. rubrum (19) ; and A. organovorum (11) . These are gram-negative, obligately acidophilic, rod-shaped bacteria, and they have also been reported to be obligate aerobes. The environments in which they are characteristically found are invariably rich in ferrous and ferric iron. Indeed, some have been isolated directly from supposedly pure cultures of T. ferrooxidans growing on ferrous sulfate (e.g., see reference 4). The solubility of ferric iron is highly pH dependent, and acid mine drainage waters tend to contain high concentrations of this oxidized species (e.g., see reference 5). There is, therefore, a major contrast between neutrophiles, which live in environments in which ferric iron is found predominantly in insoluble amorphous or crystalline form, and acidophiles, which are often exposed to high concentrations of soluble ferric iron. The potential for bacterially mediated iron reduction might thus appear to be somewhat greater for acidophilic heterotrophs. Reduction of insoluble ferric iron. Amorphous insoluble ferric hydroxysulfate was prepared by adding ferric sulfate (final concentration, 25 mM) from the stock solution to a 10 mM glucose-tryptone soya broth medium, raising the pH to 2.5 (NaOH), and boiling it for 10 s to induce precipitation and flocculation. Crystalline ferric sulfate, in the form of natrojarosite, was prepared microbiologically by growing T. ferrooxidans in 100 mM ferrous sulfate-200 mM sodium sulfate-basal salts medium at pH 2.5, discarding the spent liquor, and replacing it with 10 mM glucose-tryptone soya broth medium. The characteristic yellow precipitate which adheres strongly to the sides of the flask under these conditions has been shown to be primarily natrojarosite (10 iron over the 100-h incubation period; strains SJH (NCIB 12826) and NCIB 11745 completely reduced the available ferric iron, although there were differences in the rates of reduction (SJH was faster); both were categorized as class 1 isolates on solid media. A. organovorum reduced iron at a rate similar to that of SJH (data not shown). Also, in cultures of class 1 strain SJH, ferric iron reduction correlated with vegetative growth, but this was not the case with A. cryptum (or T. acidophilus), whose iron reduction was confined to the late logarithmic and stationary growth phases (Fig. 2) .
MATERIALS AND METHODS

Bacteria
None of the five mesophilic acidophiles tested had the ability to reduce nitrate, and only one (A. facilis) reduced manganese(IV), and even in this case the extent of reduction Isolate SJH, which had proved to be one of the most powerful reducers of ferric iron, was used exclusively in many subsequent experiments. Reduction of ferric iron occurred in shaken (100 rpm) and unshaken cultures, as well as on solid media (all incubated aerobically). SJH had the ability to reduce insoluble, as well as soluble, forms of iron(III). Amorphous ferric hydroxysulfate was reduced (and solubilized) within 4 days, and natrojarosite was reduced within 11 days, in glucose cultures at 28°C. In the latter cultures, the strongly adhering ferric deposits typically found in oxidized cultures of T. ferrooxidans were completely removed, producing turbid off-white cultures in clean flasks. Munch and Ottow (12) had earlier noted that amorphous ferric iron was reduced more rapidly by neutrophilic bacteria than was crystalline iron oxide. The effect of surface area of insoluble ferric compounds was not investigated, although it may be anticipated that this would greatly affect the rate of ferric iron reduction. Ferric iron reduction by SJH also occurred when substrates other than glucose were used, e.g., xylose, glycine, arginine, and sodium citrate (all at 10 mM), but iron reduction was much slower when SJH was grown on sodium malonate. Also, it was noted that growth, but not iron reduction, took place in glucose cultures incubated at 45°C.
Use of ferric iron as a direct electron acceptor or as a general environmental electron sink might be expected to promote bacterial growth in the absence of oxygen. This was the case with isolate SJH (Fig. 3) . Numbers increased with increasing concentrations of ferric but not ferrous iron; these cultures were grown in strictly anoxic conditions, and the yield of bacterial biomass was equivalent to 720 mg (dry weight) per mol of ferric iron reduced. Inference of enzymic action in ferric iron reduction by SJH also came from the observations that when bacteria were removed (by membrane filtration or centrifugation) from actively reducing cultures reduction did not continue and that heating cultures to 70°C for 15 min halted iron reduction. No organic acids were detected (by using a high-pressure liquid chromatograph fitted with an Aminex ion-exclusion column; Bio-Rad Inc.) in spent media of SJH grown anaerobically without added ferric iron.
Mixed cultures of either T. ferrooxidans or L. ferrooxidans with heterotroph SJH produced sequences of iron cycling between the ferrous and ferric ionic states (Fig. 4) . ferrooxidans cultures, but oxidation proceeded at a faster rate in L. ferrooxidans-SJH cultures than in pure cultures of the chemolithotroph, a phenomenon that has also been observed with pyrite cultures (7) . Shaken cultures of T. ferrooxidans also showed sequences of iron oxidation and reduction (data not shown), although the cycling patterns were shifted more in the direction of ferric iron than in the less well-aerated, unshaken cultures. Changing the concentration of glucose in T. ferrooxidans-SJH mixed cultures 0o (2) . The lack of ability of any acidophilic heterotroph to reduce nitrate implies that ferric iron reduction in the bacteria tested is not mediated through nitrate reductases. Nitrate generally occurs in very low concentrations in acid mine drainage, and the dominant form of inorganic nitrogen is often ammonium (e.g., see reference 5). The evidence does suggest strongly that, with isolate SJH at least, reduction is enzyme mediated; ferric iron reduction by T. ferrooxidans has also been shown to involve an enzyme, sulfur:ferric ion oxidoreductase (16, 17) . Interestingly, only one acidophilic heterotrophic bacterium (A. facilis) was able to reduce manganese(IV), and this microorganism was unable to reduce iron(III); the very slow rate of reduction implies nonenzymic mediation.
The environmental significance of ferric iron reduction by acidophilic heterotrophic bacteria may be considerable. For example, in acid mine drainage waters, particularly those containing significant amounts of dissolved organic matter, heterotrophs may continuously reverse the process of iron oxidation by chemolithotrophic acidophiles, and this would need to be borne in mind when calculating, for example, the stoichiometry of pyrite oxidation in situ. The process could also be of use in situations in which rapid reversal of iron oxidation may be required, to produce a liquor containing iron only in the ferrous state, and when dissolution and solubilization of ferric deposits, both crystalline and amorphous, is desired.
